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A common technique to realize the gradient electric
field profile that is required in liquid crystal tunable
lenses is the use of a weakly conductive layer. Thanks
to this layer, an applied voltage with a certain fre-
quency allows to obtain a refractive index profile that
is required for the lens operation. Due to the limited
degrees of freedom however, it is not possible to avoid
aberrations in a weakly conductive layer based tun-
able lens for a continuously tunable focal length. In
this work, we discuss the use of additional higher fre-
quency components in the voltage signal to reduce the
lens aberrations drastically. © 2020 Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
1. INTRODUCTION
Liquid Crystals (LCs) possess properties of both crystalline and
fluid materials. The electric permittivity and refractive index of
LCs are strongly dependent on the orientation of the director,
which is the local average orientation of the LC molecules. With
an applied quasi-static electric field, it is possible to change the
optical properties of the LC. This is commonly used in Liquid
Crystal Displays (LCDs) but also in beam steering devices [1, 2],
spatial light modulators [3, 4] and tunable lenses [5]. Lenses
with an electrically tunable focal distance are often useful when
mechanical focusing is difficult. Lens operation requires a spa-
tially varying Optical Path Length (OPL) to change the phase
profile of the light and focus it. For LC devices with a constant
thickness this means that the electric field over the LC layer
needs to be non-uniform. Multiple designs for tunable lenses
based on LCs have previously been proposed, such as the one
with an optically hidden dielectric layer [6]. Some of them work
with several electrodes that need to be individually addressed
[7–9]. Depending on the design, the number of electrodes can be
quite high and the distance between the electrodes small to en-
sure an appropriate OPL profile over the lens diameter. Another
type of LC lens uses weakly conductive materials to ensure a
monotonic variation in the electric potential [10–13]. A simple
design is to use only two electrodes where one is a circular ad-
dressing electrode combined with a weakly conductive layer.
This reduces the amount of required wires and removes diffrac-
tion due to the multiple addressing electrodes. It however also
reduces the number of voltages that can be applied to control
the electric field steering of the LC. While all LC devices require
an AC driving voltage to avoid ion drift and charge build up
[14, 15], LC devices using conductive layers need to pay special
attention to the driving frequency since it influences the distance
over which the potential drops over the weakly conductive layer.
The sheet resistance of the weakly conductive layer and the driv-
ing frequency need to be matched in order to have the required
voltage drop in the radial direction [16]. In principle, there are
only two ways to change the behavior of the lens, which is the
amplitude and the frequency of the applied voltage. For lenses
with a continuously variable focus, it is impossible to obtain
the desired optical parabolic phase profile for every possible
focal strength. Consequently, the lens exhibits strong aberration
which cannot be compensated [16]. A possible way to reduce
the aberrations is to add an additional ring of highly conductive
material inside the hole [17–20], but again, this technique cannot
reduce the aberrations for every possible focal length. Here we
propose a novel way of aberration compensation by including
additional degrees of freedom into the driving of the liquid crys-
tal lens. By using multiple frequency components in the voltage
signal, the OPL profile can be optimized and aberrations can be
strongly reduced.
2. THEORETICAL BACKGROUND
Consider a liquid crystal lens that consists of a LC layer that is
sandwiched between two conductive layers as depicted in figure
1. The bottom conductive layer has an infinite sheet conductiv-
ity, while the top layer consists of two parts: a circular area of
radius R with finite sheet conductivity σs and a surrounding
area with infinite σs. The anisotropic permittivity of the LC is
denoted as ε(x, y, z) and can be calculated from the local direc-
tor orientation.The director orientation is in turn depending on
the electric fields, which results in two differential equations
to be solved simultaneously. To simulate the LC lens, an ap-
proximate model is used to significantly reduce the complexity
of the problem as in [16]. The initial three dimensional case is
reduced to a two dimensional one by introducing an effective
permittivity εeff(x, y) that is independent of z. This is a good
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Fig. 1. Schematic view of a liquid crystal lens with a circular
weakly conductive layer.
approximation when the radius of the weakly conductive ma-
terial is much larger than the LC layer thickness, which is true
in most of the lenses demonstrated using this principle. In case
the LC layer has antiparallel alignment along the x direction,
then the director l̄ can be described using the inclination angle
θ as lx = cos θ, ly = 0 and lz = sin θ. The distribution of θ
along the z axis can be calculated based on the local voltage
between the top and bottom conductive layers. The permittivity
is then written as εi,j = δi,jε⊥ + ∆εlilj with li the components
of the director along x, y and z, ε⊥ the permittivity of the LC
perpendicular to the director and ∆ε the dielectric anisotropy
of the LC. The bottom layer is grounded, so the potential V at
the top layer fully determines the behavior of the system. The
surface current density K in the weakly conductive layer can be
written as K = −σs∇⊥V. The gradient only contains derivatives
in the plane of the layer. As the LC layer acts as a capacitance,
the current density between the two electrodes can be written as
Jz = εeffd
∂V
∂t , with d the thickness of the LC layer.
These two equations are connected via the conservation of








It is important to remember that εeff depends on the electric
field and thus on V, making this a nonlinear differential equation.
Taking advantage of the circular design of the lens, cylindrical
coordinates can be used to further reduce the dimensions of
the problem. By writing the Laplacian operator in cylindrical



















In the frequency domain, the partial differential equation is
easily obtained by replacing ∂/∂t by jω. Because of the circular
symmetry, the derivative to ϕ is zero, making sure the problem
becomes one dimensional. The resulting problem can be solved
numerically using a nonlinear differential equation solver. An
initial guess is required, for which the equation is solved analyt-
ically in case of a constant effective permittivity. In this case the
solution is a zeroth order Bessel function of the first kind. If the
applied voltage is sinusoidal with amplitude V0 and an angular








Figure 2(a) shows the effective permittivity εeff and the ef-
fective refractive index neff (being the OPL divided by the LC
layer thickness d) as a function of voltage. Figure 2(b) shows
the resulting neff as a function of the normalized radial coor-
dinate r/R for an applied voltage of 5 V and three different
frequencies. For the parameters of this calculation, the prop-
erties of the LC E7 (Merck) are used. The radius of the lens is
R = 1 mm, the sheet resistance σs = 0.5 GΩ/sq and the LC layer
thickness d = 10 µm. The value of neff is obtained by solving
the nonlinear partial differential equation (2) and by converting
the resulting variation of V into an effective refractive index
profile. It is clear from this figure that lower driving frequen-
cies result in an increased voltage towards the center, while
higher driving frequencies only influence the LC behavior in the
outer regions of the lens. Ideally, the OPL is parabolic across
the diameter. To assess the quality of the OPL, a linear combina-
tion of the first four circularly symmetric Zernike Polynomials
Z00(ρ) = a0, Z
0
2(ρ) = a3(2ρ
2 − 1), Z04(ρ) = a8(6ρ
4 − 6ρ2 + 1)
and Z06(ρ) = a15(20ρ
6 − 30ρ4 + 12ρ2 − 1)) is fitted to the OPL
profile where ρ = r/R [21]. The focal distance can then be cal-
culated from a3 while a8 and a15 are indicators of the spherical
aberrations present in the lens.
Fig. 2. (a) Variation of εeff and neff as a function of voltage. (b)
Effective index profile for an applied voltage of 5 V for three
different frequencies.
To look into the influence of more complex driving voltages
than a simple sine function, the following algorithm is used. The
driving voltage is written as a sum of sine functions each with
their own amplitude and frequency. The problem is first solved
for each sine with a constant εeff at each position. The root mean
square value of the resulting voltages is then calculated and
used to find a new value of εeff everywhere. The problem is then
solved iteratively until the total solution is self-consistent.
Using a single sine function as a driving voltage results in re-
fractive index profiles that often have a flat, almost constant part
in the middle of the lens (see figure 2(b)). This is a consequence
of a rather fundamental problem which is evident in the analyti-
cal solution. The first, second and third order derivatives of the
Bessel functions are zero in the origin which insures a rather flat
part in the middle. This results in high amounts of aberrations or
weakly refracting lenses, which can be partly remedied by using
a driving voltage that consists of multiple frequencies. Using
for example a high amplitude low frequency sine together with
a high voltage, high frequency sine (which will only influence
the outside of the profile because of the high frequency) can
reduce the aberrations of a strong refracting lens. In figure 3 one
profile belongs to a single sine and shows the expected profile
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Fig. 3. Refractive index profile for a voltage of 240Hz and
5V. In the second curve two extra frequency components of
2850Hz and 6V, 80Hz and 1V are added.
oscillating above and below the parabolic fit while the other
profile shows the same sine together with both a high and low
frequency sine, resulting in a more parabolic profile. The correct
choice of driving voltages is thus an important one.
3. MINIMIZATION OF LENS ABERRATIONS
A large case study simulation is performed to find the optimal
driving voltages for different focal lengths. Optimal in this case
means that the fitted Zernike polynomials are a reasonable fit
and the spherical aberrations are minimal (the sum of a8 and
a15 is minimal) while the theoretical focal length stays within
a 5% margin. Two specific additional frequency components
proved useful in reducing the overall aberrations. First using
a high frequency high amplitude sine such as described above
to influence the outer rim of the profile and second using a low
frequency sine with an RMS amplitude around 1 V to insure
the voltage never drops underneath 1 V where the refractive
index would remain constant. In figure 4 the optical power
and spherical aberrations are plotted for some different single
frequencies. In the same figure are the results for some well-
chosen combinations of frequencies. It is clear that they show
less aberrations for their individual optical powers than the
single frequencies.
4. DEVICE FABRICATION
A LC tunable lens is fabricated starting from two ITO coated sub-
strates (70 to 100 Ω/sq). On one substrate, the ITO was etched
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Fig. 4. Aberrations of LC lenses driven with a single frequency
compared to multiple frequency driving. This is a lens with
radius 250 µm and a LC layer thickness of 20 µm and a sheet
resistivity of 20 GΩ/sq.
Table 1. Measured sheet resistivity of amorphous Ge films.
Thickness (nm) Sheet resistance (Ω/sq)
5 nm 5.50 ×1011
10 nm 8.49 ×1010
20 nm 3.00 ×1010
subsequently coated with amorphous Ge using e-gun evapo-
ration. Initially, high resistivity PEDOT:PSS was used for the
weakly conductive electrodes as reported in [22], but it became
clear that the resistivity of the PEDOT:PSS was not stable. Af-
ter a few days, conductivity of the layers reduced to zero. For
that reason we opted for thin layers of amorphous Ge because
they are able to provide the high sheet resistivity needed for
the weakly conductive layer. Layers with different Ge thickness
were evaporated and tested for their sheet resistance of which
the results are listed in table 1. This value remained nearly con-
stant over the course of days in contrast to the PEDOT:PSS layers.
A drawback of using the Ge layers is a low transmission and
hence introduces the restriction to reflective tunable lenses. In
the remaining of this work, the fabricated lenses are analyzed
in transmission. In reflection, the focal strength of the lenses is
double because the light passes twice through the LC layer. The
experimental results presented here are for the 20 nm thick Ge
layer. Both substrates are consequently coated with an align-
ment layer (nylon) and rubbed. Both substrates are assembled
with antiparallel alignment using 13 µm spacers dissolved in
UV curable glue. The cell was then capillary filled with the LC
E7 from Merck.
5. EXPERIMENTAL RESULTS
A LC lens with a diameter of 700 µm is analyzed using a polar-
ization microscope. The device is put under crossed polarizers
with the rubbing direction at 45◦ with respect to the polarizers.
The recorded transmission in figure 5 gives an indication of the
local retardation inside the ring with low sheet conductivity.
The retardation is in turn a good indication of the OPL. In figure
5(a) the driving voltage signal consists of one sinusoidal compo-
nent of 500 Hz and 3 V. Adding another sinusoidal component
at 3000 Hz and 5 V does not change the retardation near the
center of the region, but only influences the retardation in the
outer region. This can also been seen from figure 5(c) which
presents the extracted refractive index profiles from the micro-
scope pictures. Figure 5(d) shows the simulated transmission
for the same parameters as in figure 5(b). It is clear that there is
a strong resemblance between the simulated and experimental
transmission between crossed polarizers, indicating the validity
of the simulation model.
Next, an experiment was set up to test the focusing properties
of the lens. An LED lamp, followed by a linear polarizer, was put
at a large distance of the LC lens. A CMOS camera was then put
in the expected focal plane of the lens and the resulting images
are shown in figure 6. When the LC lens is inactive (no voltage
applied), no noticable light is observed in the focal plane. With
a single frequency sinusoidal applied voltage of 3 V and 500 Hz
a ring-shaped intensity pattern can be observed (see figure 6(a)).
By adding a second higher frequency component to the signal,
one of the rings of light in the original pattern is focused onto
a relatively small point as shown in figure 6(b) and (c). When
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Fig. 5. (a) & (b) Polarizing optical microscope images of a 700
µm diameter lens. (a) has an applied voltage of 500 Hz and
3 V while (b) has a second component added of 3000 Hz and
5 V. (c) Extracted refractive index profile from the microscope
images. (d) Artificially created image based on numerical
simulations of the device with the same driving voltage as in
(b).
performing the experiments, it became clear that the area of
almost constant refractive index in the middle of the lens causes
aberrations that cannot be avoided. It is the light coming from
the edge of the lens that is much better focused when adding
additional frequency components. The light passing through
the middle is barely influenced. The radial intensity profile for
different amplitudes of the high frequency component are visible
in figure 6(d). It is clear that an additional frequency component
offers a large improvement in the optical power that is located
in the focal spot.
6. CONCLUSIONS
In this paper we show, both through simulations based on a
theoretical model as experimentally, that the refractive index
profile of a tunable lens based on a weakly conducting layer
with one single electrode can be changed to reduce the aberra-
tions by employing a voltage signal with multiple frequency
components. The weakly conducting layer of germanium is
shown to have appropriate sheet resistivity for lenses with radii
of several hundreds of microns. A remaining issue with these
lens designs however is the fact that the center region is hardly
influenced by higher frequency components which leaves the
lens aberrations in the middle unchanged. More complex lens
designs, such as the use of an inner floating ring [18] might
resolve this remaining issue.
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